Fatty acids are among the major building blocks of living cells, making lipid biosynthesis a potent target for compounds with antibiotic or antineoplastic properties. We present the crystal structure of the 2.6-MDa Saccharomyces cerevisiae fatty acid synthase (FAS) multienzyme in complex with the antibiotic cerulenin, representing, to our knowledge, the first structure of an inhibited fatty acid megasynthase. Cerulenin attacks the FAS ketoacyl synthase (KS) domain, forming a covalent bond to the active site cysteine C1305. The inhibitor binding causes two significant conformational changes of the enzyme. First, phenylalanine F1646, shielding the active site, flips and allows access to the nucleophilic cysteine. Second, methionine M1251, placed in the center of the acyl-binding tunnel, rotates and unlocks the inner part of the fatty acid binding cavity. The importance of the rotational movement of the gatekeeping M1251 side chain is reflected by the cerulenin resistance and the changed product spectrum reported for S. cerevisiae strains mutated in the adjacent glycine G1250. Platensimycin and thiolactomycin are two other potent inhibitors of KSs. However, in contrast to cerulenin, they show selectivity toward the prokaryotic FAS system. Because the flipped F1646 characterizes the catalytic state accessible for platensimycin and thiolactomycin binding, we superimposed structures of inhibited bacterial enzymes onto the S. cerevisiae FAS model. Although almost all side chains involved in inhibitor binding are conserved in the FAS multienzyme, a different conformation of the loop K1413-K1423 of the KS domain might explain the observed low antifungal properties of platensimycin and thiolactomycin.
T hree different schemes for de novo synthesis of fatty acids are found in nature. Eukaryotes and advanced prokaryotes generally use the type I fatty acid synthase system (FAS I), composed of complexes of large multifunctional enzymes. Bacteria, in contrast, use the dissociated FAS II system that consists of a set of separate enzymes, each catalyzing one of the reactions of the fatty acid synthase cycle (1) . A third system exists in some parasites that use membrane-bound fatty acid elongases for the synthesis of aliphatic chains (2) . Despite this considerable variation, the individual reaction steps of fatty acid biosynthesis are essentially conserved in all kingdoms of life. Four basic reactions constitute a single round of elongation. In the first step, an acceptor CoA or acyl carrier protein (ACP) associated acetyl unit is condensed with malonyl-ACP to form ␤-ketobutyryl-ACP, which is subsequently reduced by an NADPH-dependent ketoacyl-ACP reductase. The resulting ␤-hydroxyacyl-ACP is dehydrated to produce enoyl-ACP and finally reduced by an enoyl reductase (ER) to form the saturated acyl-ACP, which can be further elongated in a new cycle [see supporting information (SI) Fig. S1 ].
The importance of the fatty acid biosynthesis pathway makes the FAS systems attractive targets for the development of compounds with antibiotic or antitumor properties (3) (4) (5) . This potential is further underlined by the potency of the classic drugs isoniazid and triclosan, both inhibiting the ER step of bacterial fatty acid biosynthesis (6, 7) . Several inhibitors targeting the ketoacyl synthase (KS) step of the FAS cycle have also been described, including cerulenin (CER) (8) , thiolactomycin (TLM) (9) , and the recently discovered platensimycin (PLM) (10) . The polyketide CER inhibits both FAS type I and II KS enzymes, by covalent modification of the active site cysteine and by occupying the long acyl-binding pocket (11, 12) . TLM and PLM, in contrast, have been shown to be selective toward the FAS II system, blocking the malonyl and the CoA/ACP phosphopantetheinebinding sites (10, 13) .
A wealth of knowledge about the structure, function, and inhibition of the distributed FAS type II system has been gathered over the last decade (14, 15) . However, detailed structural studies of the large eukaryotic FAS type I multifunctional enzymes have only just been initiated. The architecture of the fatty acid synthase complexes of vertebrates and fungi are strikingly different. In mammals, the FAS type I domains form an X-shaped 540-kDa homodimer (16) , whereas in fungi, the functional domains are organized in a 2.6-MDa barrel-shaped dodecameric complex (17) . The fungal fatty acid synthase complex (FAS) is assembled from two polyfunctional proteins, ␣ and ␤. In Saccharomyces cerevisiae, the 230-kDa ␤-chain harbors an acetyl transferase and a malonyl/palmitoyl transferase domain (AT/MPT), as well as a dehydratase and an ER domain. The 210-kDa ␣-chain contains a KS domain, a ketoacyl reductase (KR), and a phosphopantetheine transferase domain. In addition, the ␣-chain includes an N-terminal ACP, required for the transfer of intermediates between the different catalytic sites (1). In a recent major advance in our understanding of this system, Ban and colleagues presented an atomic model of the Thermomyces lanuginosus fatty acid synthase type I complex (18) . The 3.1-Å electron density maps of the 230 ϫ 260 Å multienzyme allowed tracing of all functional components of the FAS type I cycle except for the mobile ACP. In two following structures of the S. cerevisiae FAS (19, 20) , the missing ACP domain was subsequently located, docked to the KS domain.
We have recently purified the S. cerevisiae fatty acid synthase multienzyme and determined its structure in complex with the polyketide antibiotic CER by multiple isomorphous replacement with anomalous scattering (MIRAS) aided by cryo-EM reconstructions. The structure of this CER-inhibited eukaryotic FAS complex reveals both differences and similarities to the FAS type II systems, explains CER resistance for known fungal FAS mutants, and gives a rationale for fatty acid synthesis being rather nonselectively inhibited by CER but selectively inhibited by TLM and PLM.
Results and Discussion
Overall Structure. The biosynthesis of the S. cerevisiae fatty acid synthase ␣-and ␤-chains is tightly balanced (21) . Because expression of one or both subunits from extrachromosomal information might perturb this balance, we decided to His-tag the chromosomal FAS1 gene, coding for the ␤-chain. To facilitate analysis of the purified FAS complex, the six sets of active centers were synchronized by elongation of nonmature fatty acids through the addition of malonyl-CoA and NADPH and subsequent inhibition of the condensing step by CER (Fig. S2) . The fatty acid synthase complex subjected to crystallization and EM studies was, thus, acetyl-depleted with a malonyl group occupying the central ACP thiol (S180) and CER covalently linked to the peripheral KS thiol (C1305). Initial MIRAS phases were obtained from Ta 6 Br 12 and W 18 -cluster derivatized crystals and extended to Ϸ4.5 Å by density modification. The FAS-CER complex was built by using the atomic model of the S. cerevisiae FAS (19) and refined to a final resolution of 4 Å (Table S1 ; also see SI Materials and Methods for structural differences of S. cerevisiae FAS models).
As suggested from early EM micrographs (22, 23) , the fungal FAS barrel consisted of two dome-shaped reaction chambers formed by six ␤-chains and an equatorial wheel-like structure constructed by six ␣-chains. The catalytic domains of the individual chains were embedded by a number of short and long expansion segments into the walls of the FAS particle (Fig. 1A) . These intermediate segments formed a complex network that held the barrel together and oriented the catalytic centers toward the hollow reaction chambers. The mobile ACPs were diagonally tethered across the reaction chambers by two flexible linkers. Similar to what was seen in the two previous S. cerevisiae structures, we found the ACPs docked to the KS domains. The stalled acetyl-depleted state of our FAS preparation, thus, gives additional support to the notion that the KS/ACP interaction is intrinsically favored in yeast FAS (19, 20) .
FAS KS Domain.
As shown in Fig. 1B , the central ␣ 6 -wheel consisted of three alternating KS and KR domains (also see Fig.  S3 ). Similar to the FAS type II KSs, like the E. coli FabF/FabB enzymes (22, 23) , the FAS KS domain formed a 80 ϫ 60 ϫ 50 Å thiolase-like dimer. To fit into the large multienzyme complex, the thiolase core fold was extended by three long insertions, increasing the buried dimer surface area of the KS by Ϸ400 Å 2 . The insertions connected the KS domain to the neighboring ␤-chain and form the three main spokes of the equatorial wheel, creating a docking site for the ACP.
KSs generally act via a Cys-His-His or a Cys-His-Asn triad to elongate an ACP-or CoA-associated acyl chain by adding C 2 units through a ping-pong decarboxylating condensation mechanism. In the first step, the acyl group is attacked by an active site cysteine to form an acyl-enzyme intermediate. During the second step, malonyl-ACP binds to the active site where it is decarboxylated, creating a reactive carbanion. The carbanion is finally condensed with the bound acyl group, forming the C 2 -elongated ␤-ketoacyl-ACP product (24) . Consistent with the multisubstrate mechanism, the KS active site was divided into three parts, one holding the catalytic residues and the acylbinding pocket, a second responsible for malonyl binding, and a third part binding the CoA or ACP phosphopantetheine group that transfers the acyl and malonyl substrates.
In the large fungal fatty acid complex, the KS dimers were located with one active site tunnel directed toward the upper and the other directed toward the lower FAS reaction chamber (Fig.   1B ). The central part of each KS tunnel was occupied by the side chains of C1305, H1583, and H1542, forming a conserved KS catalytic triad. As in the FAS II enzymes, the active cysteine was positioned at the N-terminal end of a long ␣-helix, allowing it to exploit the helix dipole moment to increase its nucleophilicity (22) . The two histidines responsible for the decarboxylation step (25, 26) are similar to the FAS II KSs positioned at two loops, Ϸ3 and 5 Å apart from the nucleophilic cysteine ( Fig. 2A) .
In contrast to the well conserved catalytic site, the makeup of the curved acyl-binding pocket of the yeast FAS KS differed significantly from the FAS type II FabF/B enzymes. As shown in the superposition of FAS KS and FabF in Fig. 2B , the side chains of F1279 and K1585 made the entrance of the FAS KS acylbinding tunnel significantly narrower than the Ile and Leu counterparts of the bacterial enzyme. K1585 was stretched along the side of the cavity to form a salt bridge to E1378, thereby increasing the hydrophobic character of the cavity. The nearby F1343 represented one of the few amino acids that were conserved also in the two bacterial enzymes and was responsible for the sharp kink of the acyl-binding tunnel (see Fig. 2 A and C) . Amino acids V1254, E1342, and G1339 in the inner part of the acyl-binding tunnel shared some remote similarity to the bacterial FabF/FabB structures. However, the end of the pocket created by the FAS KS dimer partner had a completely unique lining, tailored to fit the wide range of saturated acyl intermediates of the S. cerevisiae fatty acid synthase type I system. CER Binding. The natural product CER, derived from the filamentous fungus Cephalosporium caerulens (8, 27) , effectively targets Cys-His-His-like KS enzymes and forms a covalent modification of the catalytic cysteine (11, 12, 28) . CER shows a broad spectrum of antimicrobial activity (29, 30) , exhibits antitumor activity (31, 32) , and reduces food intake and body weight in mice (33) .
Inspection of the deep hydrophobic substrate-binding pocket of the FAS KS domain revealed strong F o Ϫ F c difference density located in the vicinity of C1305. A superposition of two bacterial type II KS-CER complex structures (28, 34) onto the FAS condensing enzyme showed that the amide half of the inhibitor colocalizes with the 4 to 5 F o Ϫ F c density peaks in the different KS active sites of the FAS particle. As was shown for the CER-inhibited FabF/FabB enzymes, the C2 atom of CER formed a covalent bond with the SH group of the catalytic cysteine, whereas the CER amide was located close to the two active site histidine residues, H1542 and H1583. The hydroxyl group at C3 was positioned to interact with the backbone nitrogen of F1646. A similar main chain interaction has been suggested to stabilize the oxyanion formed during the acetyl transfer step of the condensation reaction (28) . As compared with the native FAS structure (19) , the active site of the KS-CER complex is in an open conformation (10, 34) , with the phenyl group of F1646 flipped ( Fig. 3 A and B) . This conformation provides free access to the nucleophilic cysteine and enables CER to mimic the acyl-enzyme intermediate of the condensation reaction (34) .
Because the FAS KS elongates saturated fatty acids, the unsaturated acyl chain of CER might not be expected to have an optimal fit in the curved KS binding tunnel. However, the 1,4-nonadienoic CER was shown to be the most effective inhibitor of S. cerevisiae FAS of 11 saturated and unsaturated CER analogs (35) . In the FAS-CER complex CER C5-C8 stretches into the long KS acyl pocket, interacting with the side chains of F1279, K1585, and F1343 ( Fig. 3 A and B) . CER C7 is positioned in the vicinity of F1279, a residue that is conserved in almost all fungal FAS KSs. This side chain may formstacking interactions with the CER C7-C8 double bond, which in part might explain the observed FAS preference for the unsaturated CER.
The last part of the CER acyl chain, including the second diene moiety, could not be seen in electron density maps. However, a B-factor sharpened 2F o Ϫ F c omit map of the active site revealed that the side-chain of M1251, positioned in the center of the fatty acid binding pocket, was flipped, as compared to the native structure, indicating the influence of C9-C12 of CER (Figs. 3 A  and B and S4) . A similar change of rotamer was observed in the M1251 counterpart I108 of the FabF-CER complex (34) . This suggests that the acyl chain conformation of CER bound to FAS and to FabF might be related, directed away from the KS dimer interface instead of toward it, as seen in the FabB-CER complex. The FabF I108 has been proposed to be responsible for the low CER sensitivity compared to FabB, which has a glycine residue at this position (28, 34) . Because the IC 50 value of FAS CER inhibition (35) is in the range of FabB, the FAS KS has to be able to compensate for the rearrangement of the methionine, for example, by stacking interactions to the CER C7-C8 double bond and a better fit of the rigid CER tail to the end of the acyl-binding pocket.
Implications on FAS KS Product Specificity.
The influence of methionine M1251 on KS acyl binding can be deduced from a systematic study on CER inhibition of S. cerevisiae FAS with respect to the length of the CER hydrophobic tail (35) . Morisaki et al. found that inhibition efficiencies of CER analogs truncated at C8, C9, and C10 decrease constantly (IC 50 of 60, 170, and 300 M), whereas it is significantly increased for C11-C16 analogs (IC 50 between 30 and 4.5 M), indicating the rotational barrier of M1251 and its compensation at longer chain lengths. The importance of this position is further underlined by S. cerevisiae strains that are mutated in the residue preceding the methionine, G1250. Replacing this glycine with a serine makes yeast 20-80 times more resistant to CER than the wild-type strain (36) . The resistance might be attributable to new steric restraints, distorting the main-chain conformation of the G1250-M1251-G1252 turn and, thereby, affecting the necessary movement of M1251 (Fig. 3 A and B) .
The human mitochondrial KS HsmtKAS is responsible for the production of the lipoic acid precursor octanoyl-ACP. Interestingly, HsmtKAS features a methionine side chain partly blocking the acyl-binding pocket (37) , similar to the FAS KS M1251. This methionine was suggested to be involved in determining the bimodal product specificity of the enzyme. Testing acyl-ACP of various chain lengths revealed markedly weak binding for octanoyl-and tetradecanoyl-ACP, which is attributed to the energy barrier associated with the required rearrangement of the methionine (38) .
Intriguingly, the S. cerevisiae FAS G1250S mutant strain was also reported to produce high amounts of decanoic acid and ethyl caproate, the methyl ester of octanoic acid (39) . Because the C8 atom of CER is positioned at about the C7 of a Cys-1305 bound acyl intermediate, one might speculate that, in line with binding of the truncated CER analogs, octanoyl-ACP would have decreased affinity to the FAS KS cavity, giving octanoic acid as a side product. However, such a simplistic picture does not find support in the observed narrow C16-C18 product specificity of the S. cerevisiae FAS (40) . It must be pointed out that the product spectrum of type I fatty acid synthesis does not solely reflect the enzymatic characteristics of the KS domain but is a result of the whole type I framework. As reported for the thioesterase domain of human FAS I, it can be assumed that the functionally similar MPT domain in the fungal FAS complex is involved in chain length determination, only releasing fatty acid chains of a certain length (20, 41, 42) .
Docking of TLM and PLM.
The highly conserved interactions between the hydrophilic part of the CER and the S. cerevisiae FAS perfectly agree with the conservation of the fine-tuned KS elongating mechanism across eukaryotic and prokaryotic FAS systems. Because CER has been shown not to discriminate between FAS type I and FAS type II KSs, the differences of the acyl-binding pockets are obviously limited in their ability to impose binding selectivity. TLM and the recently discovered PLM also anchor at the catalytic residues. However, instead of binding to the hydrophobic acyl pocket, TLM and PLM bind to the malonate portion of the active site (10, 13) . Despite the conservation of the malonyl and the phosphopantetheine binding sites (Fig. 2C) , both TLM and PLM showed an apparent higher selectivity toward the FAS type II KSs. TLM exhibits an IC 50 exceeding 1 mM for the S. cerevisiae FAS complex (43) , whereas PLM does not show any inhibitory effect on Candida albicans cells (10) .
PLM was shown to preferably bind to the acyl-loaded intermediate state of E. coli FabF (10). The acyl enzyme intermediate is characterized by the flipped phenylalanine adjacent to the catalytic cysteine, turning the active site into an open conformation. Similar to the FabF-PLM complex, TLM was observed to bind to the open conformation of the E. coli FabB active site, forming an edge-face interaction with the flipped aromatic ring of F392 (28) . Because the FAS-CER complex mimics the acyl-enzyme intermediate and, as such, the conformation accessible to PLM and TLM binding, we compared the two homologous bacterial inhibitor structures with the KS domain of our S. cerevisiae fatty acid synthase type I complex.
A superposition of the TLM and the PLM complexes onto the FAS KS domain revealed that almost all amino acid side chains involved in protein-inhibitor interactions were conserved in the three enzymes. Except for a single hydrogen bond of the PLM complex (FabF T270), all hydrogen bond acceptors and donors were formally retained in the two modeled KS inhibitor complexes. However, one side chain substitution, FabF/FabB G310/ G305 to FAS N1549, in the vicinity of the C10 methyl group of the TLM complex, might imply a suboptimal fit of the TLM thiolactone ring to the FAS KS. Besides the flipping of F400/F392 and minor shifts of the active site residues to improve the hydrogen bonding geometry, binding of PLM and TLM involves a change in the main chain conformation of the two KS enzymes. As seen in Fig. 4A , the rmsd values between structures of the noninhibited and inhibited bacterial enzymes are significantly raised in loops A266-A277 (FabF) and G266-E275 (FabB), indicating the induced fit of the PLM and the TLM molecules. This main chain region, corresponding to K1413-K1423 of the FAS KS, also accounts for some of the largest differences in the three superimposed proteins (Fig. 4B) . The beginning of the FAS KS loop is extended as compared to the FabF and FabB structures, creating a bulge that interacts with the neighboring ␣-chain, whereas the end of the loop is shorter than in both of the bacterial enzymes. Although the side chain of the loop that forms the most extensive interactions with the two inhibitor molecules (P272/P272/P1421) is conserved in all three structures, these main chain differences could well represent a rationale for the observed fungal resistance toward both PLM and TLM.
Affinity Versus Inhibition Efficiency. The binding affinity of a drug molecule to its target protein is a key characteristic for an inhibitor. However, inhibition efficiency is also defined by other parameters, as, for example, the effective concentration in the cell interior. Indeed, for some organisms resistance toward the inhibitors TLM and CER was revealed to be caused by efflux pumps, which keep the inhibitor concentration below a critical level (44) (45) (46) . In the case of FAS KS inhibition, the properties of the KS condensation mechanism and the compartmentalization of the type I fungal fatty acid synthase system might also affect inhibitor efficiency. KS inhibitors can generally be classified by their mode of action. ''Ping'' inhibitors like CER inhibit the initial transfer of the acyl moiety onto the catalytic cysteine, whereas ''pong'' inhibitors block the binding of the malonyl-ACP (Fig. S1) . Accordingly, inhibition of the S. cerevisiae FAS by the CER analog iodoacetamide was reported to be impaired by preincubation with acetyl-CoA (47). TLM was in contrast shown to compete with malonyl-ACP for binding to the malonyl binding site (13) . PLM attacked both the malonyl-and the phosphopantetheine-binding sites and, thus, is likely to compete not only with acyl-ACP and malonyl-ACP but also with unloaded ACP.
In the fungal FAS, the domains of the fatty acid synthase cycle are kept in a small compartment that enhances their concentrations. Although ACP is reported to be one of the most abundant proteins in E. coli, with a cellular concentration of Ϸ100 M (48), the ACP concentrations in the fungal fatty acid type I system exceed this level by at least an order of magnitude, given the 70-100 Å radius of the FAS reaction chambers. In addition, the restricted movement of the ACP by the flexible linkers, as well as the observed intrinsic affinity between the ACP and the KS domain, further increase the effective concentration of the ACP. Thus, a FAS KS inhibitor must compete with very high concentrations of ACP and ACP-associated intermediates. Because the FAS type I system is regulated by the concentration of malonyl-CoA via acetyl-CoA carboxylase (49), a down-regulated FAS complex will have acylated KS domains. This implies that ping and pong FAS inhibitors will not only face different types of substrate competition, the competition rate will also differ from a FAS in resting state compared with a FAS working at a high rate.
Concluding Remark. In this report, we present an independent structure solution of the S. cerevisiae fatty acid synthase multienzyme and provide a first structural study of an inhibited FAS type I system. The inhibitor complex structure explains some of the biochemical properties of CER inhibition, gives insight into the FAS chain length determination, and paves a way for modeling and structure based drug design of other eukaryotic fatty acid synthase type I systems.
Materials and Methods
Cloning and Purification. To facilitate the purification of the S. cerevisiae FAS, we modified the FAS1 gene to code for a C-terminally His 8-tagged ␤-chain. Before crystallization, fatty acids of the purified FAS were elongated and the FAS enzymatic activity inhibited by CER (Fig. S2) . For a detailed description of cloning, purification, and synchronization of the S. cerevisiae FAS, see SI Materials and Methods.
Crystallization, Data Collection, and Processing. Diffracting crystals of the CER inhibited FAS grew in 0.1 M Hepes (pH 7), 1 M ammonium sulfate and PEG of various chain lengths at 4°C. X-ray crystallographic data of native and Ta6Br12-and W 18-soaked crystals were collected at beamlines X10SA (Swiss Light Source, Villigen, Switzerland) and ID14 EH1-4, ID23 EH1-2, and ID29 (European Synchrotron Radiation Facility, Grenoble, France) to resolutions of 4, 6, and 7 Å, respectively (Table S1 ). A number of heavy atom cluster sites were located by means of direct and difference Fourier methods and refined as spherically averaged superatoms. Initial MIRAS phases were improved by using a combination of solvent-flipping, solvent-flattening, averaging, and statistical density modification to a resolution of 4.5 Å (Fig. S5) . The complete structure was built by using the S. cerevisiae fatty acid synthase [PDB ID code 2UV8 (19) ] and subjected to NCS-restrained domain-wise, rigid-body refinement with grouped B-factors. For a detailed description of phasing and refinement, see SI Materials and Methods with the data collection and refinement statistics in Table S1 . For a brief comparison of the S. cerevisiae fatty acid synthase structures, see also Structural Differences of S. cerevisiae FAS Models in SI Materials and Methods.
